Abstract: 1. Experiments in ecology occur in the laboratory, mesocosm, or field. The choice of venue can influence the outcome and may be associated with trade-offs involving realism and precision. 2. We evaluated these trade-offs in an experiment measuring effects of venue on larval traits of Rana temporaria tadpoles. The design included lab, mesocosm, and field venues, crossed with two treatments (presence and absence of caged Anax imperator dragonfly larvae). Realism of venues was evaluated by comparing experimental with wild tadpoles. 3. Venue influenced nearly every trait we measured, but some were more sensitive to venue than others. Larval and metamorphic performance, external morphology, and predator-induced plasticity in many traits varied among venues, while behavior was less dependent on venue. Tadpoles in mesocosms were most similar to those in field enclosures and the wild, although the phenotypic response to predation risk was greatest in the mesocosm venue. The laboratory environment triggered highly distinctive morphology. Precision was not higher in the laboratory than in other venues. 4. This study suggests that both constraints and research questions must be considered when choosing an appropriate experimental venue. 
the bottom and covered with a lid of 43% shade cloth. The substrate was a mixture of leaf litter, vegetation, and mud that we scooped from 1 m 2 of the pond immediately adjacent to the enclosure and searched to remove any potential predators. We set the enclosures initially at a depth of about 30 cm, but the water level declined during the experiment so that the average volume was 200 L. The cagedpredator treatment contained a single caged A. imperator larva, which was fed 300 mg R. temporaria tadpoles three times per week. The no-predator enclosures contained an empty cage. All cages were rotated among pools or enclosures within treatments on each feeding event to even out potential differences among individual dragonflies.
Experimental units were arranged in spatial blocks in all six settings, and treatments were assigned at random within blocks. Replication and other experimental details are summarized in Table  1 .
The experimental animals came from seven clutches of R. temporaria eggs collected from a pond 1.3 km SSE of the sunny pond (47.48103 N, 8 .54500 E). We initiated the experiment on 6 April 2009, when the tadpoles were two days old (stage 23; Gosner 1960) . Each clutch contributed an equal number of individuals to every experimental unit as far as possible. For example, each of the field enclosures received 5 tadpoles from every clutch, and the 675 L mesocosms received 8 tadpoles from each of three clutches and 9 from the remaining four clutches. In the 1 L laboratory setting, four clutches contributed one replicate each and three clutches contributed two replicates. Tadpoles remained in their assigned bins, tubs, or tanks until they reached stage 42 (forelimb emergence), with the exception of those in field enclosures. In that venue, we transferred all tadpoles to 80 L mesocosms on campus just after the first individuals reached metamorphosis, because we were unable to reliably collect metamorphs in the complex substrate of the enclosures. The impact on the results of bringing tadpoles to campus was probably minor, because the average individual spent only 4.3 d in the mesocosms before metamorphosing (6% of the larval period). The experiment continued, and metamorphs were collected daily, until all individuals reached stage 45.
MEASURING TRAITS
Life history traits. -We recorded body mass and developmental stage on 28 April, when tadpoles were 24 days old. This included all animals in the laboratory experiment, a subsample of those in the mesocosms (6 per 80 L tub, 8 per 675 L tank) and field venue (10 per enclosure), and samples of wild tadpoles taken from the experimental ponds (10 tadpoles per pond) and the pond where egg clutches were originally collected (9 tadpoles). Wild tadpoles were collected by dip-netting for a few minutes in each of several parts of the pond, and immediately returning individuals with no visible tail damage to the lab for measurement. We weighed all tadpoles and determined developmental stages from photographs of each individual. Metamorphic performance was represented by survival, mass, and age at stage 45.
Behavior. -We observed behavior in the laboratory and mesocosm venues on 22 April, when tadpoles were 18 days old. Each experimental unit was visited repeatedly, and the number of visible animals that were active (swimming or feeding) and inactive (resting) was counted. The 675 L tanks were visited 6 times during the day, the 80 L tubs 11 times, and both 1 L and 5 L laboratory bins 19 times. Tadpoles not visible to the investigator in the mesocosms were recorded as hiding in the leaf litter. We estimated the number alive in each mesocosm on 22 April assuming constant per capita daily mortality. There were two alternative measures of activity in mesocosms. If we assumed that hiding animals were inactive, activity was the number active divided by the estimated number alive, which probably underestimates true activity. The other measure of activity, the number active divided by the number observed, effectively assumed that hiding and visible tadpoles were equally active, which overestimates activity. Behavioral data were not collected in the field enclosures because tadpoles could not be seen.
Morphology. -We used the photographs from 28 April to measure morphological shape of all tadpoles in the laboratory experiment, 10 tadpoles per enclosure in the field venue, 6 tadpoles per 80 L mesocosm, 8 tadpoles per 675 L mesocosm, and a total of 29 wild tadpoles. Each image had lateral and ventral views of the tadpole in a water-filled Plexiglas chamber. Animals were returned to their experimental unit or pond after photography.
We used geometric morphometric analyses to describe variation in tadpole shape. Geometric methods correct for differences in size, location, and orientation between specimens, and use the relative positions of landmarks to quantify shape (Zelditch et al. 2004) . We used the image analysis program ImageJ to place 22 side-view landmarks and 13 bottom-view landmarks on each photograph (defined in Van Buskirk 2011). Specimens were scaled to unit size and rotated to a common orientation using Procrustes superimposition. We then projected the landmarks back into Euclidean space and subjected them to Principal Components Analysis, and retained the most important components (termed relative warps, RWs) to describe variation in shape. The first four RWs were included for the lateral view, comprising 83.4% of all shape variation; three RWs were included for the ventral view, comprising 85.5% of variation. Illustrations of the RWs generated by a thin plate spline algorithm are in Supporting Information A. Lateral and ventral RWs were in some cases correlated with each other. For example, lateral RW1 was positively correlated with ventral RW1 (r = 0.80, N = 350 tadpoles), because both RWs represent a short tail and large head/body. Ventral RW1 was also correlated with lateral RW2 (r = -0.49), reflecting an association between a wide and deep head/body, especially in the gut region, and a deep anterior part of the tail.
ANALYSES
Analyses of variance evaluated the influence of venue, setting nested within venue, predator treatment, and their interactions on tadpole phenotypes. We began with multivariate analyses for performance traits (body mass and developmental stage at 24 days, survival to metamorphosis, mass and age at metamorphosis) and morphological shape (the 7 RWs). Masses were log transformed before analysis, and survival and behavioral traits were arcsine square root transformed. Supporting Information D reports results of a parallel set of analyses on a set of size-corrected length measures, included for comparison with earlier studies of amphibian morphology.
To evaluate the precision of estimated trait values in each of the settings, we calculated average coefficients of variation (CV) among replicates for life history and behavior, and variance among replicates was measured for shape components. The CV is undefined for relative warps, which have an average value of zero.
Results
Life history. -Venue and setting strongly influenced the five life history traits in a multivariate analysis of variance (venue: Wilks' F 10,44 = 70.9, P <0.0001; setting nested within venue: Wilks' F 15,61 = 3.48, P = 0.0003). Univariate tests revealed that venue had significant effects on all traits, whereas setting was important only for age and size at metamorphosis (Table 2 ). Tadpoles raised under laboratory conditions developed fastest and were frequently the heaviest (Fig. 1) . The field venue led to decreases in all fitness related traits: tadpoles developed slowly and metamorphosed at small sizes in the enclosures. Survival was lowest in the field enclosures, for unknown reasons (shady pond: 0.650; sunny pond: 0.837), and approximately equal in the laboratory and mesocosm venues (ranging from 0.90 to 0.97). Wild tadpoles from the sunny and shady ponds were similar in size and developmental stage to experimental tadpoles raised in the same pond (Fig. 1A, B) . Tadpoles from the source pond were larger and more developmentally advanced than those in the other two ponds.
There was no effect of the caged-dragonfly treatment on life history (MANOVA; Wilks' F 5,22 = 1.76, P = 0.1631), but Fig. 1 and the univariate analyses in Table 2 suggest that predators caused somewhat reduced early growth and delayed development at both tadpole and metamorph stages. More important was the highly significant treatment-by-venue interaction (Wilks' F 10,44 = 4.82, P = 0.0001). Predation risk induced larger body size at metamorphosis in the laboratory, but slightly smaller size in the field (Fig. 1C) . Metamorphosis was delayed by at least a week in mesocosms when predators were present, but was if anything accelerated by predation risk in the laboratory (Fig. 1D) . Interactions between treatment and setting (nested within venue) for body size arose because tadpoles in the 1L lab bins grew especially large under predation risk, and tadpoles in the 80L mesocosms were especially small with predators (Fig. 1A, C) .
Behavior. -Activity was mostly influenced by treatment and to a lesser extent by venue (Fig. 2 , Table 2 ). The comparison between mesocosm and laboratory venues depended on assumptions about the behavior of invisible animals in mesocosms. If hiding animals were ignored, effectively assuming that they behave the same as those that were visible, then activity was greatly reduced in the lab in the absence of predators ( Fig. 2A) . On the other hand, if we assume that hiding animals were not moving, then activity was higher in the lab under predation risk (Fig. 2B) . The dragonfly treatment caused somewhat lower activity in both venues, but the significant treatment-by-venue interaction indicated that the response in the lab was comparatively weak. In mesocosms, tadpoles exposed to predators reduced their activity by at least 70%, and in the 80 L setting fully 100% of individuals were either resting or hiding. Supporting Information B shows results for the proportion of individuals feeding, swimming, and hiding in the litter.
Morphology. -Morphological shape was highly sensitive to venue and setting (MANOVA on seven relative warps; venue: Wilks' F 14,40 = 51.5, P <0.0001; setting: Wilks' F 21,58 = 3.97, P = 0.0001). Laboratory tadpoles had a relatively long and shallow tail with a short and narrow head/body and reduced gut mass (lateral RW1 and ventral RW1; Fig. 3 , Table 2 ). On most measures, animals in mesocosms were similar to those in field enclosures and the wild, although they were intermediate on lateral RW1 (Supporting Information C).
The caged-predator treatment induced numerous changes in shape (Wilks' F 7,20 = 20.5, P <0.0001), especially in the depth of the tail, attachment of the dorsal fin, relative gut mass, and orientation of the mouth and eyes (lateral RW3 and RW4; Fig. 3 and Supporting Information C). These responses were highly variable among venues (treatment-by-venue interaction: Wilks' F 14,40 = 11.1, P <0.0001). In many cases, tadpoles in the lab venue responded more weakly or in the opposite direction to predators than did those outdoors. This was true for lateral RW1, RW3, and RW4: the increasing arch and depth of the tail induced by dragonflies was absent in laboratory tadpoles (Fig. 3) . But in other cases, it was the animals in mesocosms that showed a different, and usually greater, response to predators than those in the lab or field. Examples include lateral RW4 and ventral RW2: when exposed to caged predators, mesocosm tadpoles developed a deeper tail, shorter head/body, and narrower gut than did other tadpoles (Fig. 3, Supporting Information C) .
Analyses of conventional morphometric lengths generally confirm the results shown here (Supporting Information D) .
Precision. -Variation among replicates was not lower in the more controlled venues (Fig. 4) . The 1 L laboratory setting had high variance for all types of traits because replicate observations were individuals rather than averages of multiple tadpoles. Other venues and settings had roughly equivalent precision. CV was higher for behavior than for other traits, and did not differ consistently among treatments. Samples from the wild showed relatively low precision.
Discussion
We compared three commonly used experimental venues to evaluate how outcomes depend on venue, and to shed light on constraints and trade-offs associated with choosing a venue. In agreement with previous work, our data show that venue can strongly impact results (Skelly & Kiesecker 2001; Skelly 2002; Bell et al. 2003; Brown et al. 2006; Romanuk, Vogt & Kolasa 2009 ; but see Weigensberg & Roff 1996; Blaustein et al. 2004; Bancroft et al. 2007) . We presented two kinds of findings in this study. First, there were strong effects of venue for nearly every trait we measured in developing amphibian larvae, including those related to individual fitness (stage and mass of tadpoles and metamorphs, and survival) and those with a weak or context-dependent connection to fitness (behavior and morphological shape). The venue effect was more pronounced in some traits, such as lateral RW1 and ventral RW1, than in others. The second kind of result was that phenotypic plasticity induced by predation risk depended on venue. Tadpoles in mesocosms exhibited greater behavioral and morphological plasticity, along with larger reductions in performance due to dragonflies, than those in the lab.
It is important to identify the differences among venues that contribute to variation in phenotype and performance, because these might be controlled or incorporated into future experimental designs. For example, variation among venues in development rate was probably related to temperature; tadpoles raised in the laboratory experienced relatively stable and warm temperatures, and therefore developed rapidly. Large body size at emergence in the laboratory, and to a lesser degree in mesocosms, may have been caused by more abundant food of higher quality than was available in field enclosures. Introducing lower-quality food and a diurnally fluctuating temperature regime might create more realistic performance in the lab, although these conditions may conflict with other experimental objectives.
Mesocosms are not natural (Jaeger & Walls 1989; Boone & James 2005) , and it has been argued that their unnatural features generate unrealistic experimental outcomes (Carpenter 1996; Skelly 2002) . Skelly and Kiesecker (2001; Skelly 2002 ) have used meta-analyses and experiments to suggest that amphibian growth and development rates in mesocosms are exceptionally high. But data on performance are problematic for appraising realism of experimental venues, because natural ponds are themselves quite variable. Even our limited sample of three natural ponds encompassed nearly the entire range of variation in growth and development observed across the three venues. Depending on which of the ponds is taken as a reference, we could use Fig. 1 to argue that either field enclosures, mesocosms, or even the laboratory is most realistic. But these differences in performance traits among venues may reflect not realism, but rather variation in temperature or resources that could just as well occur in nature. This argument applies less strongly to morphological shape, which is probably less sensitive to temperature and resources. In this study, tadpoles in the mesocosm settings were morphologically similar to those in field enclosures and natural ponds. This suggests that mesocosms are acceptably realistic for at least morphological traits. Lab-reared tadpoles, on the other hand, were highly divergent in morphology from field and mesocosm specimens.
Our second main finding was that venues differed in the magnitude, and sometimes even the direction, of predator-induced plasticity. In this case, our data do not indicate which venue most closely mirrors nature. However, other studies comparing mesocosm estimates of plasticity with tadpole morphology in natural wetlands having both temporal and spatial variation in predator density indicate that the phenotypic reaction in mesocosms parallels that observed in nature (Van Buskirk & McCollum 1999; Van Buskirk & Schmidt 2000; Van Buskirk 2009) . This suggests that, although mesocosms produced relatively high estimates of plasticity in our study, they at least accurately reflect the direction of response seen in nature.
Of the many factors that could cause differences in plasticity among venues and settings, two that seem especially likely are kairomone concentrations and the size of the experimental populations. Within the mesocosm venue, several traits responded more strongly to predators in the 80 L setting, which had higher kairomone concentrations and smaller numbers of tadpoles. Anti-predator reactions are known to scale with kairomone level (Van Buskirk & Arioli 2002; Schoeppner & Relyea 2008) , and group size independent of density can modify behavior by affecting individual risk and the perception of risk (Elgar 1989; Van Buskirk et al. 2011) . In field enclosures, the open mesh walls may have prevented us from successfully manipulating kairomone concentration and apparent predation risk. On the one hand, dilution of kairomones by water flow through the walls could reduce the difference between treatments. Alternatively, all the enclosure animals, including those in the predatorfree treatment, may have been exposed to kairomones washed in from nearby wild predators (Chalcraft et al. 2005) . Indeed, some life history and morphological traits measured in enclosures were most similar to those observed in mesocosms with caged dragonflies (e.g., mass and stage at 24 days, lateral RW1, and ventral RW2), suggesting that kairomone levels may have been high even in the predatorfree treatment.
The conclusion that plasticity depends on kairomone concentration was not consistent with results from the laboratory venue. Kairomone concentrations in the lab were identical to those in 80 L mesocosms, yet laboratory animals showed limited plasticity. It is unlikely that additional visual or tactile cues, not present in the lab, amplified the response of animals in mesocosms. Water-borne chemicals induce strong phenotypic plasticity in amphibian larvae (LaFiandra & Babbitt 2004; Kraft et al. 2006; Hettyey et al. 2010) , and adding tactile or visual cues causes no additional reaction, at least for behavior (Stauffer & Semlitsch 1993; Kiesecker, Chivers & Blaustein 1996; Hickman, Stone & Mathis 2004; Jowers et al. 2006; Saidapur et al. 2009 ). We suspect instead that unknown features of the laboratory environment bias the expression of behavior and morphology. Identifying precisely which features are important would require further experiments.
This study confirms Skelly and Kiesecker's (2001) conclusion that precision is not greatly enhanced in the lab, contrary to conventional thinking (e.g., Lawton 1995). The 5 L laboratory bins containing groups of five tadpoles showed precision better than that in field enclosures for only one of the two ponds (Fig. 4A) , and comparable to that in mesocosms. This result is particularly relevant for the choice of venue because precision is held among the key benefits favoring laboratory work (Lawton 1995; Morin 1998) . Our results highlight instead a contrast between experimental setups where units contain small numbers of individuals, leading to relatively high variance among replicates, or large numbers of individuals. More replication is needed when few organisms are present within each replicate.
Our results could be used to defend any of the three venues. For example, the relatively realistic phenotypes exhibited in mesocosms, in combination with the low precision found in small laboratory bins, argues in favor of more natural experimental settings containing groups of individuals. For most traits, mesocosm experiments apparently yield high realism without sacrificing precision. This conclusion is not affected by the relatively distinct settings occurring in the field venue (different ponds) compared to the mesocosm venue (different sized containers). Precision was calculated as the coefficient of variation among replicates within settings, and realism was judged by comparing experimental with wild tadpoles. Both comparisons are statistically and conceptually identical for all venues and settings, even as the precise meaning of setting changes across venues. Some might conclude that higher phenotypic plasticity in mesocosms indicates that animals overestimate differences in predation risk in that venue. For others, the high variability among enclosures observed within one of the two ponds might argue for using lab or mesocosm venues, especially given other issues with field experiments such as limits on replication and difficulty controlling certain conditions. Overall, the results confirm an age-old recommendation in ecology that the venue must be matched, one study at a time, to the prevailing constraints and the question at hand (Diamond 1986; Wilbur 1989; Morin 1998) . Our data will help resolve these trade-offs in specific cases by clarifying the consequences for individual phenotypes. Table 2 . Results of univariate analyses of variance on life history, behavior, and morphological shape in lateral and ventral view. Entries are the F-value (above) and P-value (below). Numerator df are listed at the top, and the denominator for all effects was the interaction between treatment and block nested within setting and venue (df = 26). For activity, df were reduced because there were only two venues (lab and mesocosm). Bold text highlights tests significant at α = 0.05. Masses are log-transformed, survival and behavioral traits are arcsin-sqrt transformed, and shape components are relative warps derived from geometric morphometric analyses. Figure 1 . Life history responses of Rana temporaria tadpoles to manipulation of venue and non-lethal predation risk (treatment). Developmental stage is defined in Gosner (1960) . Metamorphic mass and age were measured at stage 45, after the tail was fully resorbed. Symbols represent means ± 1 SE.
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